To investigate the physiological effects of mitochondrial phospholipid hydroperoxide glutathione peroxidase (mPHGPx) overexpression during early male germ cell differentiation, we have generated transgenic mice bearing the rat mPhgpx coding sequence driven by the mouse synaptonemal complex protein 1 promoter, allowing the transgene to be specifically activated in the testis from the zygotene to diplotene stages of the first meiotic division. Northern/Western blotting and immunocytochemical analyses of endogenous mPHGPx expression during spermatogenesis showed a low enzyme level in middle-late pachytene spermatocytes, but not in earlier meiotic stages, and a significant increase in mPHGPx content in round spermatids. The histological and terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling analysis of transgenic testes revealed a number of spermatogenetic defects, including primary spermatocyte apoptosis, haploid cell loss, and seminiferous epithelium disorganization. In line with these features, adult transgenic male mice also displayed a reduction in fertility. Results obtained in this study suggest that mPHGPx expression is tightly regulated in pachytene spermatocytes, with any spatial-temporal increase in mPHGPx expression resulting in damage to spermatogenesis and eventual loss of haploid cells. Present findings in the mouse may be of interest to human male fertility. (Endocrinology 148: 4302-4309, 2007)
To investigate the physiological effects of mitochondrial phospholipid hydroperoxide glutathione peroxidase (mPHGPx) overexpression during early male germ cell differentiation, we have generated transgenic mice bearing the rat mPhgpx coding sequence driven by the mouse synaptonemal complex protein 1 promoter, allowing the transgene to be specifically activated in the testis from the zygotene to diplotene stages of the first meiotic division. Northern/Western blotting and immunocytochemical analyses of endogenous mPHGPx expression during spermatogenesis showed a low enzyme level in middle-late pachytene spermatocytes, but not in earlier meiotic stages, and a significant increase in mPHGPx content in round spermatids. The histological and terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling analysis of transgenic testes revealed a number of spermatogenetic defects, including primary spermatocyte apoptosis, haploid cell loss, and seminiferous epithelium disorganization. In line with these features, adult transgenic male mice also displayed a reduction in fertility. Results obtained in this study suggest that mPHGPx expression is tightly regulated in pachytene spermatocytes, with any spatial-temporal increase in mPHGPx expression resulting in damage to spermatogenesis and eventual loss of haploid cells. Present findings in the mouse may be of interest to human male fertility. (Endocrinology 148: 4302-4309, 2007) S ELENIUM PLAYS A CRITICAL role in normal spermatogenesis of mammals. Animals fed on a selenium-deficient diet develop a number of reproductive disorders, including impaired sperm motility, abnormal tail morphology, and reduced fertility (1, 2) . In addition, offspring of extremely selenium-deficient dams exhibit severe testicular atrophy that can be reversed by a selenium-adequate diet (3) . Almost the entire selenium content of the testis is associated with the enzyme phospholipid hydroperoxide glutathione peroxidase (PHGPx), a selenoprotein belonging to the family of glutathione peroxidases. This enzyme has unique structural and functional properties, among which is the ability to reduce peroxidated membrane phospholipids by oxidizing not only the thiol groups of glutathione but also those of proteins, resulting in polypeptide chain cross-linking (4, 5) . To date, three PHGPx isoforms have been identified, having specific subcellular localization in mitochondria, cytosol, and nuclei, respectively, and differing in their N-terminal amino acid sequence. The N termini of mitochondrial (mPHGPx) and cytosolic variants derive from different translation initiation sites of the exon 1a. In contrast, the N terminus of the nuclear isoform (nPHGPx) is generated by the alternative exon 1b, under the direction of a promoter located in the first intron of the gpx-4 gene (6) . We recently showed that nPHGPx and mPHGPx have different patterns of expression during male germ cell maturation in rat testis, with nPHGPx expressed only in the haploid phase of spermatogenesis, whereas mPHGPx is also expressed in late primary spermatocytes (7) .
Together with other lines of evidence, these data support the view that PHGPx behaves like a moonlighting protein having an array of functions during sperm maturation. The mitochondrial variant is certainly involved in the enzymatic defense against oxidative damage to mitochondria in mPHGPx-overexpressing RBL-2H3 cells (8) (9) (10) . Likely, this is also true for mammalian spermatogenesis, in light of the high levels of PHGPx catalytic activity found in rat spermatocytes and round spermatids (7) . In epididymal sperm, however, PHGPx catalytic activity is apparently lost or strongly reduced (5), despite the high levels of immunoreactivity found in the midpiece of human and rat spermatozoa (4), where PHGPx constitutes more than half of the capsule material embedding mitochondrial helix (5) . Indeed, such an inactive enzyme is apparently essential for the integrity and fertilizing ability of male gametes, as also suggested by the finding that spermatozoa of infertile men with asthenozoospermia show a significant, albeit controversial, decrease of rescued PHGPx-specific activity and expression (11) (12) (13) . As for the nuclear variant, it was proposed to be involved in the stabilization of condensed chromatin during sperm maturation (14) according to a number of findings, including that 1) the sperm of selenium-deficient mice display abnormal heads (15, 16) , 2) the expression of nPHGPx is concomitant with the chromatin remodeling process in haploid cells (7) , and 3) the thiol-oxidase activity of PHGPx is preferentially addressed to protamines, the nuclear proteins required for sperm head condensation (4) .
In any case, the reason that PHGPx is so relevant to spermatogenesis and male fertility still remains to be unraveled. The inactivation of all exons of the gpx-4 gene in knockout mice caused embryonic lethality between 7.5 and 8.5 d postcoitum (17, 18) , making that animal model inappropriate to provide new insights into the role of this gene in the testis. In contrast, knockout mice specifically lacking nPHGPx displayed defective chromatin condensation in caput epididymis sperm. This defect, however, was apparently overcome during subsequent epididymal sperm maturation (14) , suggesting that nPHGPx is dispensable for the maintenance of male fertility in the mouse. As for mPHGPx, information presently available on the alteration of reproductive potential of male mice fed diets with increased/decreased selenium levels (19) (20) (21) cannot give a clear-cut insight on this issue, owing to the very large number of selenoprotein-coding genes and the multiple body regions where these genes are expressed (22) . In this study, we have overcome these difficulties by producing a transgenic mouse line overexpressing mPHGPx in the testis during the prophase of the first meiotic division, when the endogenous mPHGPx level is markedly lower than in the postmeiotic phase. Here we demonstrate that such mPHGPx overexpression is associated with male germ cell apoptosis, seminiferous tubule disorganization, and reduced fertility.
Materials and Methods Animals
Animals used were mice from the C57BL/6 and B6D2F1 strains as well as transgenic mice. Animals were housed in accordance with the guidelines for animal care of the Sapienza University of Rome and were killed by CO 2 asphyxia.
Germ cell preparation
Highly purified pachytene spermatocytes and round spermatids (steps 1-8) were obtained from 28-and 30-d-old mouse testes, as previously described (23) . Briefly, the cell suspension obtained by enzymatic digestion of testicular tissue was fractionated by velocity sedimentation at unit gravity on 0.5-3% albumin gradient. Purity of cell fractions was verified by flow cytometry and morphology of cytospun and stained cell preparations (7) .
Northern blot analysis
Total RNA was extracted from testes of mice at different ages (8, 14, 30 , and 60 d after birth) or from isolated germ cell populations, using the guanidinium thiocyanate-cesium chloride ultracentrifugation method (24) . Northern blotting was performed as previously described (7) . Blots were hybridized overnight at 42 C with a 32 P-labeled probe encompassing the region from nucleotide (nt) 3-146 of the mitochondrial PHGPx cDNA sequence (accession no. AF045768). For the standardization of different lanes, blots were rehybridized with an 18S rRNA cDNA probe.
Protein extraction and immunoblotting
After fractionation, meiotic and postmeiotic cells were lysed in RIPA buffer [150 mm NaCl, 1% deoxycholate, 0,1% SDS, 50 mm Tris-HCl (pH 8.00), and a protease and phosphatase inhibitor cocktail (Sigma, St. Louis, MO)], sonicated 12 times for 15 sec each time, and centrifuged at 20000 ϫ g for 40 min at 4 C. Protein concentration of each sample was determined using the bicinchoninic acid method (Pierce Chemical, Rockford, IL) with albumin as standard. Equal amounts of proteins were fractionated by 15% SDS-PAGE (25) , and then transferred to a nitrocellulose membrane (Hybond-C extra; Amersham Pharmacia, Piscataway, NJ). Blotted membranes were probed with 1:4000 rabbit polyclonal anti-PHGPx antibody (a generous gift of Prof. E. Panfili, University of Trieste, Italy), followed by 1:4000 goat peroxidase-labeled antirabbit IgG (Zymed Laboratories Inc., South San Francisco, CA). Detection was eventually performed using a chemiluminescence system (ECL; Amersham Pharmacia).
Histology and immunohistochemistry
Transgenic testis histology was routinely analyzed on 10-40 animals at each age examined, taking wild-type mice belonging to the same litter as control. Testes were fixed for at least 24 h in Bouin's fixative at room temperature, dehydrated, and then paraffin embedded. Mounted sections (5 m) were deparaffinized, rehydrated, and then stained with carmalum or used for immunohistochemistry/terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay. For immunohistochemistry, endogenous peroxidase activity was quenched by incubating sections with 3% H 2 O 2 . Sections were saturated and permeabilized in PBS containing 1% BSA and 0.1% Triton X-100 at room temperature and then incubated overnight at 4 C with the rabbit polyclonal anti-PHGPx antibody mentioned above, diluted 1:40. Sections were incubated with a goat peroxidase-labeled antirabbit IgG, developed using diaminobenzidine as substrate (Roche/Roche Molecular Biochemicals, Indianapolis, IN) and counterstained with carmalum.
TUNEL assay
Evaluation of apoptotic cells was performed by the in situ cell death detection kit (Roche). Histological sections were treated with 15 g/ml proteinase K in Tris-HCl (pH 7.5) at room temperature, rinsed with PBS, and incubated in 0.3% H 2 O 2 in methanol for 30 min. After permeabilization in 0.1% Triton X-100 in sodium citrate buffer, sections were incubated with the TUNEL reaction mixture and then with anti-fluorescein-peroxidase-conjugated antibody, according to the manufacturer's instructions. Positive controls were prepared by adding 1 U/l DNase for 10 min, and negative controls were performed by omitting terminal deoxynucleotidyl transferase. The number of apoptotic cells per seminiferous tubule was determined by counting TUNEL-positive cells in at least 300 tubule cross-sections, selected at random within 4-and 26-wk-old transgenic and wild-type animals.
Plasmid construction and validation
The full-length rat mPhgpx cDNA sequence (RP1) (26) was kindly provided by Dr. D. Driscoll, The Cleveland Clinic Foundation, Cleveland, OH. This sequence encodes for a product with 98% amino acid identity with the mouse mPhgpx, having an identical catalytic site and an N-terminal 27-amino-acid residue acting as mitochondrial targeting signal (27) . The internal EcoRI restriction site (nt 189) was modified by introducing a sense mutation (GAA3GAG) by recombinative PCR. Next, the mutated mPhgpx-coding sequence was cloned into the pNASS␤ vector (Clontech, Mountain View, CA) containing the mouse synaptonemal complex protein 1 (Sycp1) promoter fragment from nt Ϫ722 to ϩ102 (kindly provided by Dr. F. Cuzin, University of Nice, France). Construct expression was determined by transfecting GC-1 spg cells, an SV40 large T antigen-immortalized germ cell line that corresponds to a spermatogenetic stage between spermatogonia type B and primary spermatocyte (28) , with 2 g DNA/dish of either the full-size or control constructs (the empty vector or a construct containing the antisense sequence), using Fugene (Roche, Boehringer/Mannheim). Transfection efficiency was monitored by cotransfection with 0.1 g/ dish of a pCMV-LacZ DNA construct (Clontech). ␤-Galactosidase ac-tivity was assayed in cell extracts using 4-methylumbelliferyl-␤-d-galactoside as substrate, as described (29) . The expression of mPHGPx was analyzed by Western blotting as described above. For standardization of different lanes, blots were probed again with anti-␣-tubulin monoclonal antibody diluted 1:2000 (Sigma) and with a rabbit peroxidaselabeled antimouse IgG diluted 1:1000 (Dako A/S, Glostrup, Denmark).
Generation of mPHGPx transgenic mice
The transgene construct described above (see Fig. 3A ) was isolated by digestion with EcoRI and XbaI and microinjected (ϳ2 pg/nucleus) into the male pronucleus of fertilized eggs obtained from B6D2F1 ϫ B6D2F1 crosses, according to standard techniques (30) . Transgenic founders were genotyped by Southern blotting of genomic DNA extracted from tail biopsies and digested with BglII. A fragment specific to Phgpx exon 7 was used as a probe. The F1-F4 founder progeny were genotyped by Southern blot analysis and/or PCR of genomic DNA, using the following primers: sense, 5Ј-CCATGCACGAGTTCTCAGCC-3Ј, and antisense, 5Ј-CAATGTATCTTATCATGTCTGG-3Ј.
Genomic DNA (100 ng) was amplified in a 50-l reaction volume, with 40 cycles (94 C for 1 min, 62 C for 1.30 min, and 72 C for 2 min).
Semiquantitative RT-PCR analysis
Total RNA extracted from testes of transgenic and wild-type mice of different ages was treated with DNase I (Life Technologies, Inc., Invitrogen, Milan, Italy) and reverse-transcribed with oligo dT, using the Superscript II RT kit (Life Technologies, Inc.) according to manufacturer's recommendations. Amounts of exogenous mPHGPx mRNA were determined using the same pair of primers described for genotyping but with 35 cycles. The internal control was the amplification of S16 ribosomal protein mRNA, performed as previously described (31), with 25 cycles. This cycle number was in the linear range of amplification. Negative controls were performed by omitting the cDNA template from PCR and by performing a RT without the reverse transcriptase enzyme.
Fertility assessment
Transgenic and wild-type male mice belonging to the same litter were mated continuously with C57BL/6 females (one male with two females) for a period of 2 months. Fertility was assessed by recording the number and the size of litters produced by each pairing. In a second test, transgenic and wild-type male mice were sequentially mated with C57BL/6 wild-type females (one male with two females) for a period of 2 months. Females were checked for vaginal plugs each morning. Plug-positive females were separated from the male and substituted with new ones. Reproductive organs were harvested for weight determination and sperm counts. Epididymal spermatozoa were collected from adult mice by squeezing the cauda epididymides in PBS. Sperm morphology was determined by light microscopy, and quantity was measured by hematocytometry.
Results

Mitochondrial PHGPx expression in differentiating male germ cells
To determine the pattern of mPHGPx expression during mouse testis development, we performed a Northern blot analysis of total testicular RNA isolated from mice at different postnatal ages (8-60 d) (Fig. 1A) . Little signal was observed during the first 2 wk of animal age. In contrast, an intense mRNA band became apparent from 30 d and onward, coinciding with the appearance of a large number of haploid cells in the testis. To better characterize the germ-cell stage of spermatogenesis at which mPHGPx was expressed, RNA was prepared from highly enriched fractions of middlelate pachytene spermatocytes and round spermatids at steps 1-8. Northern hybridization analysis of RNA preparations obtained from the two germ cell types showed that the mPHGPx transcript was expressed in both meiotic and postmeiotic cells, being markedly more abundant in the haploid cells (Fig. 1B) .
The expression profile of mPHGPx protein was determined by Western blotting of proteins extracted from germ cells at definite stages of differentiation ( Fig. 2A) , giving results consistent with those of Northern blotting. A band corresponding to the 20-kDa isoform of PHGPx was detected in both pachytene spermatocytes and round spermatids (steps [1] [2] [3] [4] [5] [6] [7] [8] , being expressed at a higher level in the haploid cells. In addition, we examined the localization of mPHGPx in the adult testis by immunohistochemistry. Positive immunostaining was observed in the inner cell layer of seminiferous tubules, where middle-late pachytene spermatocytes, round spermatids, and elongated spermatids were positive (Fig. 2, B-D) . No appreciable staining was detected in the basal layer of seminiferous tubules, indicating that the mPHGPx isoform was not expressed in spermatogonia and early primary spermatocytes. Sertoli cells were also negative.
Generation of mPHGPx-overexpressing transgenic mice
The demonstration that mPHGPx expression depended on male germ cell maturation prompted us to investigate the in vivo function of this selenoprotein by generating transgenic mice that overexpressed mPHGPx in a stage-specific manner, when the endogenous protein level is very low, namely in early primary spermatocytes. In fact, the mPHGPx transgene (Fig. 3A) was driven by the promoter of synaptonemal complex protein 1 (Sycp-1), a testis-specific gene that is activated at the zygotene-diplotene stages of meiosis (32). Northern blot analysis of mPHGPx expression during postnatal testis development and in middle-late pachytene spermatocytes and round spermatids. Total RNA was extracted and hybridized with a probe specific to the mitochondrial isoform, taking 18S rRNA as internal control, as described in Materials and Methods. A, The gel was loaded with similar amounts of RNA preparations from testes of increasing age. B, The gel was loaded with RNA preparations from purified middle-late pachytene spermatocytes (lanes 1 and 3) and round spermatids (lanes 2 and 4) . The mPHGPx mRNA abundance in total RNA preparations from spermatocytes/round spermatids was compared with each other by layering on the gel similar amounts of RNA preparations (lanes 1 and 2) and amounts of RNA extracted from similar numbers of spermatocyte/round spermatids cells (lanes 3 and 4).
Proper construct transcription was preliminarily determined by transfecting GC-1 spg cells with Sycp1-Phgpx as described in Materials and Methods and monitoring transfection efficiency by a cotransfected CMV-LacZ vector. The Sycp1 promoter was efficiently activated in GC-1 spg cells. In fact, Western blot analysis of transfected cells showed that the level of mPHGPx expression was markedly increased with respect to mock cells (Fig. 3B) , validating the use of the Sycp1-mPhgpx construct for generating transgenic mice. Subsequent microinjection experiments led to the production of two transgenic founders, named SCP9 and SCP10, respectively (Fig. 3C) . Southern blot analysis of SCP9 detected the presence of two copies of the transgene, having distinct integration sites. These transgene copies did not segregate from each other in founder's F1-F4 progeny, suggesting linkage to the same chromosome. Founder SCP10 also bore a transgene copy, which had Mendelian inheritance but was not expressed in the progeny (not shown). Therefore, this line was not used for further study. 
Transgene expression and histological analysis of SCP9 transgenic testes
Testes of transgenic and wild-type mice belonging to the same litter were subjected to RT-PCR evaluation of transgene expression at increasing ages from early prepubertal to adulthood (Fig. 4) . The transgene was consistently expressed at all animal ages examined, validating the use of the SCP9 progeny for further study. Testes of sibling transgenic and wildtype animals were also analyzed by conventional histology (Fig. 5A) . Spermatogenesis in 2-wk-old transgenic mice appeared normal (data not shown). In contrast, testes of 3-, 4-, 6-, and 26-wk-old transgenic mice revealed various abnormalities, which were absent in wild-type animals: 1) the number of spermatocytes and spermatids was markedly reduced; 2) several apoptotic cells were present in the seminiferous tubules, together with multinucleated cells (giant cells) and epithelium vacuolization; and 3) the lumen of altered tubules was filled with a concentric nest of cells composed of amorphous cellular debris and degenerating cells. Even though spermatogenesis did not arrest at a specific epithelial stage, stages I-VIII of the seminiferous epithelium were the most affected, displaying a marked reduction in round and elongated spermatids, which resulted in lack of spermatozoa in the lumen of the most compromised tubules. On the contrary, spermatogonia and the interstitium were apparently normal.
Approximately 40% of transgenic mice examined displayed testicular deficiencies with large interindividual variation in the type and severity. The remaining 60% of transgenic mice had an apparently normal phenotype. We grouped the transgenic phenotypes into four histopathological classes according to their severity (normal, low, medium, and high). The occurrence of testicular damage consistently decreased through animal age in terms of both severity and distribution in the testis, the medium/high phenotypes being observed in approximately only 20% of adult transgenic mice (Fig. 5B) .
Germ cell apoptosis was also analyzed by TUNEL labeling of testicular sections from transgenic and wild-type mice of increasing ages (4 and 26 wk) (Fig. 6A) . In transgenic mice, apoptotic cells were significantly more abundant than in wild-type animals and predominantly localized in germ cell layers containing primary spermatocytes (Fig. 6B) .
Transgenic males are subfertile
The marked germ cell loss observed in the haploid cell compartment of transgenic testes suggested that transgenic mice would undergo a reduction in fertility. This issue was assessed by maintaining transgenic/wild-type mice in the continuous presence of C57BL6 females (one male with two females) and determining the number and size of the litters produced in a period of 2 months (Table 1) . A limited number of transgenic males produced fewer litters than wild-type males, even though no difference was observed in the size of the litter. Parallel experiments recording the plugs produced by transgenic males mated with C57BL6 females demonstrated that transgenic and wild-type males had similar plug frequencies (not shown), indicating that the transgene did not negatively affect the male copulatory activity per se. In addition, transgenic and wild-type animals did not differ in body and testis weight (not shown). Histological analyses of the testes of subfertile transgenic mice showed the presence of medium/high-severity defects. These mice had also a decreased number of epididymal sperm and a higher frequency of sperm abnormalities (Table 1) , among which microcephalic spermatozoa were the most abundant.
Discussion
The need to produce novel in vivo models for studying mPHGPx functions during spermatogenesis is underscored by previous observations that knockout mice lacking PHGPx die in utero by midgestation (17, 18) . In this study, we have used the promoter of the Sycp1 gene to specifically overexpress the mPHGPx isoform in the testis and during the prophase of the first meiotic division, from zygotene to diplotene stages (32) . Present biochemical/morphological findings have shown that endogenous mPHGPx transcripts first appear at the middle-late pachytene stage. Therefore, the expression of the mPHGPX transgene was not only increased in amount but also developmentally anticipated. Transgenic mice were fully viable and developed normally, indicating that mPHGPx overexpression did not affect embryogenesis and postnatal life and ruling out the possibility of nonspecific effects due to the sites of transgene insertion. According to the testis-and stage-specific expression of the transgene, primary spermatocytes specifically underwent an increase in the frequency of apoptosis, which eventually resulted in a severe loss of haploid germ cells and in tubular epithelium disorganization. It is also interesting to note that the degree of spermatogenesis impairment was variable between transgenic mice, a large fraction of them having a histologically normal phenotype, further arguing against the possibility that spermatogenesis damage was due to the transgene genomic insertion per se. Moreover, the inverse relationship between the extent of testicular damage and the age of the animal suggests that a compensatory mechanism(s) takes place with testis maturation. Regional damage is frequently observed in injured adult testis of mammals (33) .
mPHGPx is a key enzyme in the protection of biomembranes exposed to oxidative stress (10 4 . Expression of the Sycp1-mPhgpx transgene during postnatal mouse development. Total testicular RNA preparations from wild-type (WT) and two representative transgenic (Tg) mice analyzed at various ages were subjected to RT-PCR amplification using the primers indicated in Fig. 3A . Primer specificity for the transgene is shown by lack of amplification in RNA preparations from wild-type mice.
overexpression in RBL-2H3 cells increases the resistance to oxidative injury and suppresses mitochondrial death pathway-mediated apoptosis (8, 9) . In addition, the forced expression of a human Phgpx transgene in mouse tissues increased the liver cell resistance to apoptosis after animal treatment with a potent prooxidant (34) . Therefore, the present findings of defective spermatogenesis in mice overexpressing this selenoprotein were unexpected. It should be kept in mind, however, that the antioxidant/antiapoptotic role of mPHGPx in somatic tissues/cell lines does not necessarily reflect the role this enzyme actually plays in the testis, with particular reference to primary spermatocytes. Indeed, increasing evidence pinpoints PHGPx as a moonlighting protein, with a plethora of functions, which may vary according to the expression, the intracellular localization, and different interacting partners in a given cell type (35) . Another source of mPHGPx multifunctionality is the presence of two alternative mRNA translation initiation sites, resulting in the potential production of either mitochondrial or cytosolic PHGPx isoforms. Cytosolic PHGPx is abundant in somatic tissues (26, 36) and was also described in sperm nuclei (37) , although its role in the testis is still obscure. Unfortunately, due to the molecular weight similarity of cytosolic and mitochondrial isoforms, the issue of whether the expression of cPHGPX was activated/increased in transgenic testes could not be addressed in this work.
A more likely possibility, not excluding the one discussed above, is that transgenic spermatocytes were directly damaged by the excessive production of mPHGPx per se, per- turbing the redox status of these cells. A series of oxidative events takes place during spermatogenesis, leading to a finely regulated redox status, which is needed to stabilize sperm nucleus and tail. Any modification of this status may damage germ cells and impair fertility (38, 39) . The relevance of redox status to cell viability was also suggested by a number of observations performed on MCF-7 cells overexpressing mPHGPx, whose G1 phase of the cell cycle was significantly delayed (40) . Moreover, it was thoroughly demonstrated in lens cells and retinal pigment epithelial cells that the cellular redox status regulates the activity of thiol enzymes of the ubiquitin system (41) (42) (43) . It is therefore possible that in primary spermatocytes of our transgenic mice, mPHGPx overexpression caused an increase in oxidized thiols, which eventually resulted in cell cycle defects and apoptosis. Supporting this hypothesis, knockout mice in which the ubiquitin-conjugating DNA-repair enzyme HR6B was inactivated displayed an increase in primary spermatocyte apoptosis and altered spermatogenesis (44), a testicular phenotype similar to that described in the present transgenic animals.
A deficiency or an excess of selenium in the diet results in increased oxidative stress negatively affecting spermatogenesis, and this effect is modulated by redox-sensitive transcription factors nuclear factor-B and activator protein-1, controlling cell proliferation (45) (46) (47) . These findings, as well as present observations, suggest that high levels of antioxidants are not beneficial to the progression of normal germ cell differentiation. Consistent with this idea, dietary administration of a mixture of the antioxidant agents vitamins C and E caused increased sperm head abnormalities and reduced sperm production in the mouse (48) .
Another effect of mPHGPx overexpression was the subfertility of transgenic mice displaying a damaged testis phenotype. Combining this finding with the notion that in normal testis, haploid germ cells represent the testicular compartment bearing the highest PHGPx content (4, 7, 49) (present observations), it can be concluded that subfertility was likely due to spermatid loss and/or production of spermatozoa compromised in morphology and fertilization potential. It is worth noting that the modest subfertility of transgenic mice was likely related to focal testicular damage in adults, i.e. the animals in which fertility tests were performed. Although a correlation between a deficiency in PHGPx catalytic activity/protein content and human male infertility is still debatable (11) (12) (13) , the present findings demonstrating that the up-regulation of mPHGPx expression leads to alteration of mouse spermatogenesis further suggest that PHGPx is relevant to human male reproduction. 
